Abstract. Low hot ductility of steel at the straightening stage of the continuous casting process is a problem found in steels containing microalloying and/or certain alloying additions. The thermal schedule undergone by the billet surface in the mill has a significant effect on the hot ductility. In this work, thermomechanical processing was employed to alleviate the problem of hot ductility in the Nb-microalloyed steel. Specimens were melted in situ and subjected to the billet surface thermal schedule in order to generate a microstructure similar to that present at the straightening stage of the continuous casting process. Some deformation schedules were incorporated with the thermal schedule at very high temperatures, specifically during solidification, within the δ-ferrite region, and during the δ→γ transformation, and the hot ductility was subsequently evaluated at the end of the thermal schedule where the straightening operation is performed. After the thermal schedule alone, the steel exhibited a very low hot ductility at the straightening stage. It was found that deformation at very high temperatures prior to the straightening stage had a considerable effect on the hot ductility, either detrimental or beneficial, depending on the region in which the deformation has been executed. The mechanisms leading to loss and improvement of hot ductility are explained in this paper.
Introduction
Hot ductility loss in steel during continuous casting has been a problem since the advent of the process. The problem appears as transverse cracking in the straightening stage of the process where the surface temperature ranges from 700 to 1200 o C [1] [2] [3] [4] . This apparently clear correlation between transverse cracking and hot ductility has led to intensive laboratory studies during the past 30 years. From this body of work, most steel companies have alleviated the problem of transverse cracking to some degree. However, considerable research in this area is still being carried out, both industrially and academically, for several reasons [3] . One of the main problems is that scarfing is needed at times for the most difficult grades of steel, and even when transverse cracks are not formed on the top surface, edge cracks can still be present. In the latter case, it is not unusual to roll wide and trim off the edges, adding considerably to scrap losses. In addition to this, transverse cracking is often observed when new continuous casters are being commissioned. In a similar vein, information regarding the likely susceptibility to transverse cracking is required for steels that are being continuously cast for the first time. Finally, hot charging and direct rolling immediately after casting are becoming more prevalent, ruling out conventional surface inspection. A defect free surface then becomes a prime requirement for the economic production of slabs.
Researches on the hot ductility loss and its relevance to the problem of transverse cracking have shown that intergranular failure is the reason for hot ductility deterioration [3] . The surface of steel during continuous casting process tolerates compressive and tensile deformation owing to the thermal fluctuation on the surface and the stresses imposed by the guiding rolls. However, only limited investigations have been done so far which have considered such thermomechanical situation with regards to the hot ductility. Instead, most of the work has been concentrated on the effect of chemical composition and alloying elements on the hot ductility [5] . This lack of information on the effect of thermomechanical processing on the hot ductility is partly due to the experimental difficulties at very high temperatures, especially when melting is also involved. Consequently, there is a need to study the problem of cracking and hot ductility changes in terms of the deformation in different phases existing at very high temperatures and near the melting temperature. This, which is the theme of this work, would definitely help better understand the causes of the hot ductility problem and possible solutions in order to alleviate it.
Experiments
The experimental material was a Nb-microalloyed steel, Table 1 , provided by IPSCO. The material was in the form of a hot rolled plate of 13 mm thick from which cylindrical specimens of 9.5 mm in diameter and 125 mm in length were machined. In order to simulate the billet surface microstructure, a thermal schedule similar to that occurring on the mid-face surface of a 10″×10″ billet during continuous casting was employed, Fig. 1 [6] .
Specimens were installed in a fully computerized MTS machine and fixed at both ends to provide a situation for applying both compression and tension on the same specimen. Then, they were heated and a gauge length of 15 mm was melted in situ and solidified by application of the thermal schedule. The melted gauge length was held by levitation. Thermal expansion and contraction during heating and cooling were automatically compensated by displacement of the MTS anvil so that the load on specimens was maintained around zero, unless there was a deformation. Where the effect of deformation was to be studied, specimens were deformed for ε = 0.05, 0.1, and 0.15 at = ε& 3×10 -3 and 9×10 -3 s -1 during cooling after melting within different regions of liquid+solid, δ-ferrite, and δ→γ transformation, as schematically specified in Fig. 1 . Eventually, the hot ductility was evaluated at the straightening stage of the thermal schedule, Fig. 1 , by performing a tensile test to fracture at 1 3 10 5
. This strain rate is similar to that experienced by the billet surface during the straightening operation in continuous casting [7] . Hot ductility was quantified by the reduction in area (RA) at fracture.
In order to determine the transformation temperatures of the very high temperature phases, i.e. liquid, δ-ferrite, and γ (austenite), continuous heating tensile and continuous cooling compression experiments were performed. Details on these experiments can be found in reference 8. 
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Microstructural observation and fracture surface examination was performed using both optical and scanning electron microscopes. Quenched specimens at the straightening stage were etched using either 'picral' or a mixture of 80 ml water + 28 ml 10% aqueous oxalic acid in water + 4 ml 30% hydrogen peroxide. The latter is referred to as 'X' throughout the paper.
Results
In the continuous cooling compression experiment, the solidus temperature in the thermal schedule (solidification at 10 o C/s, Fig. 1 ) was approximated to be between 1425 and 1430 o C [8] . Table 2 shows the results of hot ductility evaluation at the straightening stage in the specimens deformed in compression during solidification. As can be seen, deformation in the liquid+solid region is detrimental to the hot ductility, as compared to the effect of the thermal schedule alone (15% RA), i.e. when no deformation was incorporated with the thermal schedule.
Application of different amounts of strain during cooling after solidification are explained in Fig. 2 (a) and corresponding tensile deformation curves at the straightening stage are shown in Fig.  2 (b). As can be seen in Fig. 2(a) , there is a plateau section in the deformation curves of specimens I-V that is followed by a sudden strength transition upon further straining. Such strength transition is attributed to the transformation of δ-ferrite to γ (austenite) during cooling [9] . The stacking fault energy and the rate of dynamic recovery are higher in δ-ferrite than in austenite. Therefore, austenite appears stronger than δ-ferrite. Specimens I and VI were respectively deformed in the δ-ferrite region and after the δ→γ transformation, i.e. in the austenite region. Figure 2(b) shows that deformation before the transition is deleterious to the mechanical characteristics but beneficial if applied during or after the transition, comparing specimens I, II, V, and VI with the specimen subjected to the thermal schedule alone (TS). Note that specimens III and IV, not presented in Figure 2 (b), also exhibited a similar tensile behavior to that of specimen II.
The hot ductility evaluation of specimens shown in Fig. 2(b) , at the straightening stage, is summarized in Table 3 . Generally, as compared to the effect of the thermal schedule alone (Table  2) , applying deformation within the δ-ferrite region deteriorates the hot ductility, whereas it improves the hot ductility if applied during or after the δ→γ transformation. Even though the Materials Science Forum Vols. 500-501 117 deformation after the transformation improved the hot ductility, the highest hot ductility was achieved when such deformation was preceded with a deformation applied during the transformation, comparing specimens V and VI in Table 3 . In other words, the effect of deformation after the transformation on the hot ductility improvement can be enhanced if it follows a deformation applied during the transformation. In this respect, the amount of deformation applied after the transformation is also an important factor. This can be clearly perceived by comparing the RA values of specimens IV and V in Table 3 . Fig. 3 demonstrates fracture aspects of the specimen subjected to the thermal schedule alone and fractured at the straightening stage. The fracture was primarily the result of a brittle failure with some ductile characteristics. The brittleness is basically characterized with intergranular facets, i.e. grain boundary surface. There are also some voids and cavities at grain interfaces. However, no precipitates or inclusions were located inside the voids. The failure mode substantially changed to mostly intergranular when deformation was incorporated with solidification. The worst situation, i.e. purely intergranular fracture, was due to the application of ε=0.05 initiated at 1481 o C, i.e. ~0% RA, Fig. 4 . As can be seen, columnar grains of about 1 mm long, which formed peripherally during solidification, are clearly noticeable and enclosing equiaxed grains.
Examination of microstructure quenched immediately after fracture revealed that the failure was a result of grain boundary cracking, Fig. 5(a) . The matrix is basically bainite with some martensite islands. Linkage of microcracks in some regions resulted in formation of macrocracks and grain boundary cavities. The grain size ranges from 282 to 891 µm with an average of ~500 µm. Fig. 5(b) illustrates that the deformation applied during solidification has generated some microcracks within the gauge length. EDS analysis of the matter inside such cracks has revealed segregation of carbon [8] .
Application of deformation during the transformation suppressed grain boundary cracking to some extent. This can be deduced after comparing the microstructures in Figs. 6(a) and 5(a), where Fig. 6 (a) displays a finer grain size as well. Fracture features were also finer [8] . The important point is that grain boundary cavities are much smaller, isolated, and have oval shapes, instead of large, elongated, and linked-up cavities that resulted in propagation of cracks along grain boundaries, as shown in Fig. 5(a) . Oval cavities are also observed in grain interiors, Fig. 6(a) . Figure 3 . The specimen subjected to the thermal schedule alone and fractured at the straightening stage. 6(b) shows that the application of ε=0.1 compression during the transformation, similar to that applied to specimen V in Fig. 2(a) , has resulted in a refined microstructure at the straightening stage, just before performing the tensile experiment. As can be seen, austenite grains are decorated with grain boundary ferrite and their average size is 220 µm. Such grain size is much smaller than that developed during the thermal schedule alone, i.e. ~500 µm or larger, which was also similar to the microstructure shown in Fig. 5(a) .
It was also observed that all specimens I-IV and VI presented in Fig. 2 (b) fractured through grain boundary decohesion and cracks initiated mainly at grain boundary triple junctions and propagated along the boundaries, leading to complete separation of grains. However, specimens I and VI, quenched after fracture at the straightening stage, displayed the largest average grain size, i.e. ~500 µm, whereas specimens II through IV exhibited a fairly identical average grain size of ~350 µm. Fig. 6 shows two typical microstructures of these specimens. illustrate that deformation applied during solidification has weakened grain boundaries. Therefore, interactions between the deformation during solidification and other phenomena taking place during solidification could have played a role in this respect. One possibility is that the deformation affected segregation characteristics and this led to the loss of hot ductility at the straightening stage.
In the first cooling segment of the thermal schedule, solidification starts with formation of dendrites and columnar grains growing toward the center of specimen, Fig. 4 . As the solidification proceeds, the liquid between grains becomes more and more enriched of alloying elements in accordance to the Scheil equations of segregation [10] . One of the consequences of such segregation is formation of more fluid liquid between grains, mostly because of segregation of Si. This has been also confirmed by EDS analysis of the liquid solidified between grains [10] .
When such solidifying structure is subjected to a compressive deformation vertically, the highly segregated liquid is compressed and sheared between horizontal grains leading to grain boundary cracks upon completion of solidification. A typical example of this is shown in Fig. 5(b) where high segregation of carbon was detected inside the crack at grain boundary. Furthermore, during compression, the liquid is pushed between grains growing vertically and, hence, inclining them horizontally, as schematically shown in Fig. 8 . This, at later stages of solidification, results in discontinuities at the grain boundary segregated liquid and, consequently, intergranular cracks in the resultant solid. Note that such cracking occurs because solid and liquid are adjacent to each other, and this is the liquid that endures the most deformation and is sheared and cracked during solidification. In this respect, low melting point phases such as FeS and FeSi, developed during solidification can be effective.
On the other hand, as the liquid is extruded into grain interspaces, it transfers and accumulates particles and inclusions at grain boundaries. After completion of solidification, the accumulated particles remain at grain boundaries leading to severely weakened grain boundaries [10] . Here, the accumulation of particles plays the main role in weakening grain boundaries and particles distribution due to equilibrium solidification does not necessarily lead to any considerable loss of hot ductility. 
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Deformation after Solidification. Table 2 shows that deformation during the δ→γ transformation improved the hot ductility from 15% to 41% RA. Comparing the microstructures just before the tensile test at the straightening stage ( Fig. 6(b) ) and immediately after the fracture (Fig. 6(a) ), it appears that recrystallization was underway during the tension. Therefore, dynamic recrystallization has played a role in the hot ductility improvement. During recrystallization, grain boundaries migrate and microvoids initially formed at grain boundaries are left behind and isolated from the boundaries. Consequently, the coalescence of microvoids at grain boundaries is prevented and grain boundary decohesion is retarded, leading to the enhancement of hot ductility. The recrystallized microstructure, Fig. 6(a) , displays grain sizes varying from 9.5 to 42 µm with an average of 32 µm. In addition, the grain aspect ratio (length/width) changes from 2.3 to 7.9, whereas it varies from 2.1 to 4.6 in the specimen subjected to the thermal schedule alone, Figure 5 (a). The larger grain aspect ratio in the former indicates that more deformation took place in the grain interior. Dynamic recrystallization at the straightening stage is initiated because of the austenite grain refinement during the deformation in the vicinity of the δ→γ transformation, Fig. 6(b) . Such grain refinement could have occurred either by the accelerated δ→γ transformation or through static/dynamic recrystallization of austenite after completion of the δ→γ transformation. Or, during the deformation in the vicinity of the δ→γ transformation, both mechanisms contributed to grain refinement, i.e. dynamic transformation led to grain refinement, which in turn led to recrystallization in austenite. Considering the RA values in specimens IV, V, and VI in Table 2 , i.e. 28%, 41%, and 23%, respectively, it seems that 13% (the difference between 28% and 15%) is the maximum improvement attainable solely by the accelerated transformation. Therefore, one may conclude that 26% (the difference between 41% and 15%) is a synergistic effect of the accelerated transformation and the following recrystallization. This is also in agreement with the grain sizes shown in Figs. 6(b) and 7(b), where the former is finer. The former was resulted from both the accelerated transformation and the recrystallization whereas the latter was a result of the accelerated transformation. In other words, the smaller austenite grain size resulted from the accelerated transformation was further refined by the subsequent recrystallization. The improvement observed in the hot ductility in specimen VI can be ascribed to the closure of solidification cavities during the compression applied after the transformation.
Deformation applied within the δ-ferrite region appeared rather detrimental to the hot ductility, Table 2 . This might be attributed to breakage of some freshly solidified regions at grain boundaries that are still too weak to withstand any deformation. Therefore, there would be a similar result to that brought about by deformation incorporated with solidification.
Summary
1. Deformation applied during solidification of steel in the continuous casting process deteriorates the steel hot ductility at the straightening stage of the process. 2. Deformation during the δ→γ transformation results in austenite grain refinement and, consequently, the hot ductility at the straightening stage is improved. It appeared that such grain refinement can encourage austenite recrystallization following the transformation which more refines the grain size and, therefore, more improvement in the hot ductility. 3. The effect of deformation applied within the δ-ferrite region, even though marginal, is rather detrimental to the hot ductility at the straightening stage.
